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Abstract. The quest for the origin of matter in the Universe had been the subject
of philosophical and theological debates over the history of mankind, but quantitative
answers could be found only by the scientific achievements of the last century. A first
important step on this way was the development of spectral analysis by Kirchhoff and
Bunsen in the middle of the 19th century, which provided first insight in the chemical
composition of the sun and the stars. The energy source of the stars and the related
processes of nucleosynthesis, however, could be revealed only with the discoveries
of nuclear physics. A final breakthrough came eventually with the compilation of
elemental and isotopic abundances in the solar system, which are reflecting the various
nucleosynthetic processes in detail.
This review is focusing on the mass region above iron, where the formation of
the elements is dominated by neutron capture, mainly in the slow (s) and rapid (r)
processes. Following a brief historic account and a sketch of the relevant astrophysical
models, emphasis is put on the nuclear physics input, where status and perspectives
of experimental approaches are presented in some detail, complemented by the
indispensable role of theory.
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1. Neutron capture nucleosynthesis
1.1. Milestones and basic concepts
In 1938, the quest for the energy production in stars had been solved by the work of
Bethe and Critchfield [1], von Weizsa¨cker [2], and Bethe [3], but the origin of the heavy
elements remained a puzzle for almost two more decades. It was finally the discovery
of the unstable element technetium in the atmosphere of red giant stars by Merrill in
1952 [4], which settled this issue in favor of stellar nucleosynthesis, thus questioning
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a primordial production in the Big Bang. A stellar origin of the heavy elements was
strongly supported by the increasingly reliable compilations of the abundances in the
solar system by Suess and Urey [5] and Cameron [6], because the pronounced features in
the abundance distribution could be interpreted in terms of a series of nucleosynthesis
scenarios associated with stellar evolution models. This key achievement is summarized
in the famous fundamental papers published in 1957 by Burbidge, Burbidge, Fowler and
Hoyle (B2FH) [7] and by Cameron [8, 9].
While the elements from carbon to iron were found to be produced by charged
particle reactions during the evolutionary phases from stellar He to Si burning, all
elements heavier than iron are essentially built up by neutron reactions in the slow (s)
and rapid (r) neutron capture processes as they were termed by B2FH.
The s process, which takes place during He and C burning, is characterized by
comparably low neutron densities, typically a few times 108 cm−3, so that neutron
capture times are much slower than most β decay times. This implies that the reaction
path of the s process follows the stability valley as sketched in Figure 1 with the
important consequence that the neutron capture cross sections averaged over the stellar
spectrum are of pivotal importance for the resulting s abundances. Although the
available cross sections under stellar conditions were very scarce and rather uncertain,
already B2FH could infer that the product of cross section times the resulting s
abundance represents a smooth function of mass number A. In the following decade, the
information on cross section data was significantly improved by dedicated measurements
[10], leading to a first compilation of stellar (n, γ) cross sections by Allen, Gibbons and
Macklin in 1971 [11]. Meanwhile, Clayton et al. [12] had worked out a phenomenological
model of the s process, assuming a seed abundance of 56Fe exposed to an exponential
distribution of neutron exposures with the cross section values of the involved isotopes
in the reaction path as the essential input.
As the cross section database was improved, this classical model turned out to
be extremely useful for describing the s-process component in the solar abundance
distribution. In fact, it turned out that the s process itself was composed of different
parts, i.e. the weak, main, and strong components as shown by Seeger et al. [13].
This s-process picture was eventually completed by the effect of important branchings
in the reaction path due to the competition between neutron capture and β−-decay of
sufficiently long-lived isotopes [14]. The appealing property of the classical approach
was that a fairly comprehensive picture of s process could be drawn with very few free
parameters and that these parameters are directly related to the physical conditions
typical for the s process environment, i.e. neutron fluence, seed abundance, neutron
density, and temperature. Moreover, it was found that reaction flow equilibrium has
been achieved in mass regions of the main component between magic neutron numbers,
where the characteristic product of cross section and s abundance, σN(A) is nearly
constant. In spite of its schematic nature, the classical s process could be used to
reproduce the solar s abundances within a few percent as illustrated in Figure 2.
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Figure 1. The formation processes of the elements between iron and the actinides.
The neutron capture path of the s process follows the valley of stability and ends in the
Pb/Bi region by α-recycling. Due to the much higher neutron densities, the r-process
path is shifted to the far neutron-rich region, from where the reaction products decay
back to stability. The solar abundances are essentially composed of contributions from
both processes, except for the s-only and r-only isotopes, which are shielded by stable
isobars against the r-process region or lie outside the s-process path, respectively. An
additional minor component is ascribed to the p (or γ) process to describe the rare,
stable proton-rich isotopes. The magic neutron number N = 50 is shown to indicate
the strong impact of nuclear structure effects, which give rise to pronounced maxima
in the observed abundance distribution as indicated in the inset.
Nevertheless, the more accurate cross section data became available, particularly
around the bottle-neck isotopes with magic neutron numbers and in s-process
branchings, the more inherent inconsistencies of the classical model came to light [15, 16],
indicating the need for a more physical prescription based on stellar evolution [17].
This transition started with early models for stellar He burning by Weigert [18] and
Schwarzschild and Ha¨rm [19], which were used by Sanders [20] to verify implicit s-
process nucleosynthesis. The connection to the exponential distribution of neutron
exposures postulated by the classical approach was ultimately provided by Ulrich [21]
who showed that this feature follows naturally from the partial overlap of s-process
zones in subsequent thermal instabilities during the He shell burning phase in low-
mass asymptotic giant branch (AGB) stars. Consequently, the classical approach had
been abandoned as a serious s-process model, but continued to serve as a convenient
approximation in the mass regions between magic neutron numbers with constant σNs
products.
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Figure 2. The characteristic product of cross section times s-process abundance
plotted as a function of mass number. The thick solid line was obtained via the classical
model for the main component, and the symbols denote the empirical products for the
s-only nuclei. Some important branchings of the neutron capture chain are indicated
as well. A second, weak component had to be assumed for explaining the higher
s abundances between Fe and A ≈ 90. Note that reaction flow equilibrium has only
been achieved for the main component in mass regions between magic neutron numbers
(where σN values are nearly constant).
The second half of the solar abundances above iron is contributed by the r process.
In this case, the neutron densities are extremely high, resulting in neutron capture times
much shorter than average β decay times. This implies that the reaction path is shifted
into the neutron-rich region of the nuclide chart until the (n, γ) sequence is halted by
inverse (γ, n) reactions by the hot photon bath. Contrary to the s process, where the
abundances are dependent on the cross section values, the r abundances are determined
by the β-decay half lives of these waiting points close to the neutron drip line.
As the consequence of the explosive supernova scenario suggested by B2FH,
prescriptions of the r-process abundances were severely challenged by the fact that
the required nuclear physics properties for the short-lived, neutron-rich nuclei forming
the comprehensive reaction network far from stability were essentially unknown.
This information includes β-decay rates and nuclear masses, neutron-induced and
spontaneous fission rates, cross section data, and β-delayed neutron emission for several
thousand nuclei. First attempts to reproduce the r-process abundances that had been
inferred by subtraction of the s abundances from the solar values [11] started with a
simplified static approximation, assuming constant neutron density and temperature
(nn ≥ 1020 cm−3, T ≥ 109 K) during the explosion and neglecting neutron-induced
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reactions during freeze-out [13]. Early dynamic r-process models were facing not only
enormous computational problems, but had to deal with the many unknowns of the
possible scenarios. In general, supernovae were preferred over supermassive objects and
novae as potential r-process sites [22], but the relevant features of such explosions, i.e.
the temperature and density profiles, the velocity distribution during and shortly after
the explosion, and the initial seed composition, were too uncertain to draw a plausible
picture of the r process by the end of the 1970ies [23].
As discussed by B2FH about 35 proton-rich isotopes cannot be produced by neutron
captures, because they are shielded from the reaction networks of the s and r processes
as shown in Figure 1. The initial idea that these isotopes were produced by proton
capture (p process) in the hydrogen-rich envelope of massive stars during the supernova
explosion [7] had to be abandoned because it led to unrealistic assumptions for densities,
temperatures and timescales. In 1978, Woosley and Howard [24] suggested the shock-
heated Ne/O shell in core-collapse supernovae as the site of the p process, where
temperatures are high enough for modifying a preexisting seed distribution by a sequence
of photo-disintegration reactions. Therefore, this approach is sometimes also referred to
as γ process [25].
1.2. Solar abundances
The abundance distribution in the solar system has served as an important source of
information for the nucleosynthesis concepts [7, 8, 9]. Following the pioneering work of
Goldschmidt [26], detailed abundance tables have been reported by Suess and Urey
[5] and were then continuously improved by the combination of meteoritic isotope
abundances, essentially based on C1 chondrites, and of elemental abundances from
spectroscopy of the solar photosphere. This series started with Cameron [27], Anders
and Ebihara [28], Anders and Grevesse [29] and continued until now with compilations
by Lodders [30], Grevesse et al. [31], and Lodders, Palme, Gail [32].
The distribution plotted in Figure 3 shows the solar system abundances as
a function of mass number, which clearly exhibits the influence of nuclear effects
characteristic of the various nucleosynthesis sites. The distribution is by far dominated
by the primordial H and He abundances from the Big Bang followed by the rare elements
Li, Be, and B. Because these are difficult to produce due to the stability gaps at A = 5
and 8, but are easily burnt in stars, the present abundances are essentially produced via
spallation by energetic cosmic rays [33]. Stellar nucleosynthesis of heavier nuclei starts
with 12C and 16O, the products of He burning, which were partly converted to 14N by
the CNO cycle in later stellar generations.
The light elements up to mass 50 are the result of charged-particle reactions during
the advanced C, Ne, and O burning phases. This mass region is characterized by
the enhancement of the more stable α nuclei and by the exponentially decreasing
abundances due to the increase of the Coulomb barrier with atomic number. The
last stage dominated by charged-particle reactions is Si burning, where densities and
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Figure 3. The isotopic abundance distribution in the solar system with indications
for the main production processes (data from [32]). The s and r maxima are reflecting
the effect of magic neutron numbers N = 50, 82, 128.
temperatures are high enough to reach nuclear statistical equilibrium. Under these
extreme conditions only the most stable nuclei survive, leading to the distinct abundance
peak around A = 56. Any further build-up of heavier elements were then provided by
neutron capture reactions starting on these abundant isotopes, i.e. essentially on 56Fe,
as a seed as discussed in the following section.
2. Astrophysical models
2.1. The s process in asymptotic giant branch stars
In the advanced He burning stage of low-mass stars (1 to 5 M, M being the mass
of the sun) the stellar structure consists of an inert stellar core of carbon and oxygen,
the products of He burning, surrounded by a narrow shell of about 10−2M and a
fully convective envelope as sketched in Figure 4. Within this thin layer, energy is
produced in cycles, with several 104 years of H burning at the bottom of the convective
envelope alternating with He burning episodes of about 50 years. This stage of evolution
represents the scenario for the s process corresponding to the main component inferred
by the classical s process [13].
During the H-burning period, He is produced from the bottom layers of the
envelope. With the growing mass of the He intershell, the temperature in the intershell
increases to the point, where He burning is triggered, resulting in a quasi-explosive
thermal pulse (for details see Refs. [35, 34, 36, 37, 38]). Due to the sudden energy release,
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Figure 4. Schematic structure and evolution of AGB stars, showing recurrent H
and He burning episodes with indications for the related s process sites (left). Right:
Strength and time-dependence of the neutron density in thermally pulsing low-mass
AGB stars contributed by (α, n) reactions on 13C (top right) and 22Ne (bottom right)
[34]. Note that the efficiency of the latter increases with pulse number (11, 16, etc)
due to the higher bottom temperature in later thermal pulses.
the radiative energy transport during H burning is completely converted to convection
in the whole intershell, the envelope expands, the H shell burning is temporarily
extinguished, and a large amount of 12C is produced. The He shell burning continues
radiatively for another few thousand years, before H shell burning starts again. In this
way, thermal pulses might repeat 20 to 50 times depending on the initial stellar mass.
Significant neutron production and s processing starts with the third dredge-up
(TDU) after a limited number of thermal pulses, when the C/O core mass reaches ∼ 0.6
M [37]. The term dredge-up refers to the unsual phases in the development of stars
when surface material is convectivly mixed deep into the interior of stars where the
material has experienced nuclear reactions. As a result, freshly synthesized material is
brought to the surface. If those episodes occure during the helium shell burning (AGB-
phase), they are called third dredge-up, independent of how many pulses are actually
particpating in the process. TDU occurs when the H-shell is inactive after a thermal
pulse and the convective envelope penetrates into the top region of the He-intershell,
mixing newly synthesised 12C and s-processed material to the surface and, at the same
time, a few protons into the top layers of the He intershell.
After H burning resumes, these protons are captured by the abundant 12C, thus
initiating the sequence 12C(p, γ)13N(β+ν)13C in a thin region of the He-intershell, the
so-called 13C pocket [39]. Neutrons are released in the pocket under radiative conditions
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by the 13C(α, n)16O reaction at temperatures of ∼ 0.9×108 K [40]. At a neutron density
of 106 to 107 cm−3, about 95% of the neutron fluence in AGB stars is reached during
this first stage of the s process because it is restricted to the thin 13C pocket and lasts
for about 10,000 years. In other words, the pocket is strongly enriched in s-process
elements, before it is engulfed by the subsequent convective thermal pulse as indicated
in Figure 4.
The mechanism for formation of the 13C pocket is still a matter of debate, (for
a discussion see Refs. [41, 42, 43, 44, 45, 36, 37]), but it is obvious that the H profile
adopted in the pocket and the resulting amount of 13C determines the final s-abundance
distribution [46]. Consequently, the pocket is often parameterized to reproduce the
observed s-process abundance patterns, e.g. the solar s distribution or s-process features
found in presolar grains [47].
A second stage of the s process in AGB stars occurs during the maximum extension
of the thermal pulse, when the temperature at the base of the convective zone exceeds
2.5×108 K. Under this condition, the 22Ne(α, n)25Mg reaction is activated, maintaining
a strong neutron burst for a few years. This neutron burst contributes only about
5% to the total neutron fluence in AGB stars, but its high neutron density of up to
1010 cm−3, depending on the maximum temperature at the bottom of the thermal
pulse, is instrumental for shaping the final abundance distribution, especially in the
s-process branchings. The relative strengths and dynamics of the two neutron sources
characterizing the s process in AGB stars are indicated in the right part of Figure 4
[40].
An important test of the current AGB model of the s process is again the comparison
with the solar s abundances and with the isotope patterns of the s-process branchings.
Based on the model described before excellent agreement had been demonstrated in
Ref. [17] between solar s material and an average of models for 1.5 and 3 M AGB
stars and was recently confirmed in [48] as illustrated in Figure 5. For the comparison,
both distributions are normalised at the unbranched s-only nucleus 150Sm. The AGB
model obviously describes the set of s-only isotopes indicated by full circles to better
than 10%. Different symbols were chosen for special s isotopes with non-negligible
p contributions (128Xe, 152Gd, 164Er, 180Ta) and for the long-lived isotopes 176Lu and
187Os. The black full square corresponds to 208Pb, which receives a contribution of about
50% by the strong s component produced in AGB stars of low metallicity [49, 50, 51].
Figure 5 illustrates that low-mass AGB stars contribute the main component to the solar
s abundances from Sr to Pb/Bi, owing to the high neutron fluence in the 13C pocket.
The high fluence has two consequences. It leads to the depletion of the 56Fe seed and of
its progeny up to Sr at magic neutron number N = 50, and it is establishing a reaction
flow equilibrium between magic neutron numbers characterized by σNs ≈ constant.
Accordingly, knowledge of a stellar cross section yields directly the corresponding s
abundance of that particular isotope.
The reproduction of the main s component of the solar abundance distribution
represents an impressive confirmation of the adopted s-process model that is
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Figure 5. The main s component (in % of the solar abundances) normalized at
the unbranched s-only isotope 150Sm versus mass number [48]. The s-only isotopes
between Sr and Pb/Bi (black circles) are reproduced to better than 10% except cases
with sizable p components or the long-lived isotopes 176Lu and 187Os (open symbols)
as well as the abundance of doubly magic 208Pb (black square). Isotopes denoted by
crosses are only partially produced by the s process (for details see text).
characterized by the complex interplay between the relative strengths and dynamics
of the two neutron exposures operating in low-mass AGB stars, including the intricate
abundance pattern of the various branchings along the s-process path. For a more
complete account see Refs. [34, 52]. A comparison of low-mass AGB models computed
with different evolutionary codes has been discussed by Lugaro et al. [53].
The maximum temperature during thermal pulses reaches about 3.5×108 K, leading
to a substantial neutron production via the 22Ne(α, n)25Mg reaction. However, the mass
of the He intershell and the mixing efficiency of s processed material into the envelope
are much smaller. Consequently, the predicted s-process abundance contributions are
much lower than from low-mass AGB stars.
2.2. The s process in massive stars
As illustrated in Figure 5, the s process in low-mass AGB stars fails to reproduce the
s abundances below A ≤ 90. This gap is actually closed by the complementary weak s
process taking place in massive stars with M ≥ 8M, which explode as supernovae of
type II. In massive stars, the s process is driven by the 22Ne(α, n)25Mg reaction, first
during convective core He burning at temperatures around 3×108 K and subsequently
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during convective shell C burning at 109 K as discussed in Refs. [54, 55, 56, 57, 58].
The available 22Ne is produced via the sequence of 14N(α, n)18F(β, ν)18O(α, n)22Ne
reactions, where 14N originates from the CNO cycle in the previous H-burning phase.
Consequently, this first part of the weak s-process in massive stars is secondary-like and
decreases with metallicity. At He exhaustion in the core, not all the 22Ne is consumed
(e.g. [58]) and neutron production via 22Ne(α, n)25Mg continues during shell C burning,
where α particles are provided by the reaction channel 12C(12C, α)20Ne [59].
The chemical composition of the core up to a mass of 3.5M (for a star of 25M) is
modified during explosive nucleosynthesis in the supernova, which destroys any previous
s-process signature. However, the ejecta still contain an important mass fraction of
2.5M that preserves the original s-process abundances produced by the hydrostatic
nucleosynthesis phases of the presupernova evolution. This scenario was confirmed by
post-processing models and full stellar models describing the evolution of massive stars
up to the final burning phases and the SN explosion by the work of Raiteri et al.
[60, 61, 62, 63] and a number of more recent investigations [64, 65, 66, 67, 68, 69].
In contrast to the main s-process component, the neutron fluence in the weak
s process is too low for achieving reaction flow equilibrium (Figure 2). This has
the important consequence that a particular neutron capture cross section not only
determines the abundance of the respective isotope (as in case of the main component),
but affects the abundances of all heavier isotopes as well [69]. This propagation effect
is particularly critical for the abundant isotopes near the iron seed, where the effect
was described first at the example of the 62Ni(n, γ)63Ni cross section [70, 71, 72]. An
illustration is given in Figure 6 by changing the neutron capture cross section of 62Ni
under stellar conditions by factors of two. The problem with this cross section has
triggered a whole series of experimental studies on 62Ni [73, 74, 75, 76] as well as on
other key reactions of the weak s process between Fe and Sr (see, e.g., [77, 78]). For a
full account, see the recent update of the KADoNiS library [79].
The cumulated uncertainties of the propagation effect are affecting all isotopes of
the weak s process, up to Kr and Sr, with possible, minor contributions to the Y and Zr
abundances [69]. Once the neutron-capture cross sections of the isotopes between Fe and
Sr will be determinedwith the required accuracy of 5%, the focus on the nuclear input
for the weak s process will be on charged-particle reactions during He and C burning,
which are difficult to determine (see, e.g., [67, 80]).
2.3. Explosive scenarios: r and p process
The second half of the heavy-element abundances in the solar distribution between Fe
and the actinides, which are produced during the r process, can be inferred indirectly
via the r-process residual method, i.e. by subtraction of the total s-process abundances,
Nr = N − Nweaks − Nmains . Because the characteristic r-process abundance peaks fall
in mass regions where the main s component reached reaction equilibrium, the classical
s process is still a reasonable approximation and there is not much of a difference if the
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illustrated at the example of 62Ni. By changing the stellar neutron capture cross
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Figure 7. The r-process abundances (open squares) obtained via the r-process
residual method, Nr = N − Ns, using the s-process abundances from Ref. [52].
The subset of r-only nuclei is marked by open circles. (Ni relative to Si=10
6).
s-process part is taken from the classical or from the stellar s-process prescription used
for the distribution shown in Figure 7.
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Apart from their relevance for testing the r-process models sketched below, the
r-abundance distribution represents a key aspect for the composition of ultra-metal-
poor stars [81, 82, 83, 84, 85, 86, 38], which turned out to agree almost perfectly with
the scaled solar r component, thus indicating a unique, primary r process, at least for
the elements heavier than Ba. Significant differences in the mass region below barium
require, however, the assumption of additional r-process mechanisms. Accordingly, the
quest for the astrophysical site(s) of the r process remains an open problem [87].
The broad r-process abundance peaks at A = 80, 130, and 195 in Figure 3 are
caused by accumulation of matter at closed neutron shells (N = 50, 82, 126), far from the
stability valley on the neutron-rich side. The positions of these peaks suggest conditions
that are realized in explosive environments with high neutron densities of nn > 10
20 cm−3
and temperatures of roughly 1 GK. The high neutron densities are driving the r-
process path towards the neutron drip line until equilibrium between further neutron
captures and reverse photodisintegration by the energetic photon bath is reached. This
equilibrium is determined by the Saha equation in each isotopic chain and depends only
on neutron density, neutron separation energy and temperature, completely independent
of the respective (n, γ) cross sections.
Under these conditions, the reaction path runs along a path of constant neutron
separation energy, where matter is accumulated at the so-called waiting points defined by
(n, γ)⇔ (γ, n) equilibrium. The β-decay half-lives of the waiting points are determining
the respective r abundances. Equivalent to the s process, the steady flow condition of
the r process is expressed by a constant product of the beta decay rates λ times the
abundances Nr, λ(Z) × N(Z) =const. Therefore, the only nuclear physics properties
needed to calculate r process abundances before freeze-out are β decay half lives and
nuclear masses (or neutron separation energies). On the basis of experimental β-decay
rates Kratz et al. [88, 89, 90] verified that steady flow equilibrium is indeed established
in the r process. Recently, Wanajo showed that a ”cold r process” scenario, operating
at lower temperatures without establishing an (n, γ) ⇔ (γ, n) equilibrium can also
reproduce a solar-like r process abundance pattern [91].
While the waiting point concept has been applied mostly in static r-process
calculations, models for the currently favored scenarios of neutrino-driven winds from
nascent neutron stars [92, 93, 94], collapsar scenarios for long-duration gamma ray bursts
(GRBs) [95], or neutron star mergers (e.g. [96]) follow the full comprehensive reaction
network of the r process in much greater detail. Accordingly, so far all models are
jeopardized by the lack of reliable nuclear physics data far from stability comprising
the basic information on β-decay rates [97] and nuclear masses [98], but also neutrino
interactions, β-delayed neutron emission, and β-delayed fission, not to speak of the
intricacies of the respective astrophysical scenarios.
As long as neutron capture times are much shorter than β decays, the impact
of neutron capture cross sections is negligible for the r-process networks. They are,
however, relevant for the cold r process, where steady flow equilibrium is not achieved
and neutron captures compete with β-decays [91], and also when in hot r process
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scenarios the reaction flow falls out of equilibrium due to exhaustion of free neutrons.
In fact, it was shown that the onset of freeze-out is determined by the neutron
capture rates [99]. During freeze-out they affect the final r process abundances, e.g.
the exact position and width of the r process peaks as well as the smoothness of the
abundance distribution in general [100, 101]. Neutron cross sections were shown to affect
also the formation of the rare earth peak at A ≈ 160 [101, 102, 103]. A number of key
cross sections has been identified in sensitivity studies, e.g., in Refs. [104, 105]. Variation
of the neutron capture rate by an order of magnitude can change the r abundances by
up to 20%.
As a general rule, the neutron separation energy decreases with increasing neutron
number for a given isotopic chain. Therefore the number of levels in the product nucleus,
which can be populated directly or indirectly, is also decreasing. In the extreme case of
a nucleus at the neutron drip line, where the neutron separation energy is close to zero,
only the ground state can be populated in the product nucleus and the direct radiative
capture (DRC) is strongly favoured over the resonant (compound nucleus) capture.
This observation can be roughly summarized by: The more r-like the environment, the
more dominates the DRC over the resonant captures [106, 107]. The crucial parameter,
however, is not so much the separation energy, but the number of levels available in
the product nucleus between ground state and neutron separation energy. If the level
density is low -as for light or neutron-magic nuclei- the DRC might dominate even for
stable nuclei.
Presently, it is still impossible to study r-process related neutron capture rates
in direct measurements, because the relevant nuclei are way too short-lived. Instead,
neutron capture cross sections can be obtained by indirect methods. This was
demonstrated close to the doubly-magic waiting point 132Sn by Kozub et al. [108],
who investigated the single particle properties of 131Sn by using the (d, p) reaction on
130Sn in inverse kinematics. With this information, the DRC cross section could be
calculated on the basis of experimental data. Next generation facilities will enable a
number of new measurements on such critical nuclei. Apart from neutron capture rates,
data on neutron induced fission play a major role for r-process cycling, and are essential
to investigate the endpoint of the r process [109, 110]. More details on indirect methods
can be found in Sec. 3.4.
Another nucleosynthesis mechanism, where neutron reactions are involved, is the
p process, which is responsible for the 35 nuclei on the proton rich side of the stability
valley, which are typically 10-1000 times smaller than the s and r process abundances.
A promising site for the p process are the explosively burning Ne/O shells in the shock-
heated envelopes of type II supernova explosions (e.g. [24, 111]) where a pre-existing
s/r-seed distribution is eroded by photon-induced reactions at temperatures of 2-3 GK,
resulting in a large network of (γ, n), (n, γ), (γ, p), (γ, α) reactions and β-decays that
extends a few mass units into the region of the unstable, proton-rich nuclei. A difficulty
with this approach, however, are the abundances of the light p nuclei 92,94Mo and 96,98Ru,
which are exceptionally high and comparable to the neighboring s and r isotopes.
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Therefore, separate production mechanisms have been proposed for these cases, such
as the νp process in neutrino driven winds of SN II ejecta [112], the rp procress in hot,
proton rich matter that is accreted onto the surface of a neutron star [113, 114], and the
ν-process [115]. However, Travaglio et al. showed recently that the p nuclei including
the problematic cases 92,94Mo and 96,98Ru could be consistently produced in Type Ia
supernovae explosions by treating a full p-process network coupled to a two-dimensional
supernova scenario [116].
Although the p-process nucleosynthesis is mainly driven by photon-induced
reactions, (n, p) reactions can push the nucleosynthesis path towards stability [117] and
capture of free neutrons released in (γ, n) reactions may compete with the (γ, n) channel
[118] and can affect the final p abundances or can modify even the seed abundances
before onset of the p process [119].
Experimental possibilities for direct measurement of neutron reactions of relevance
for the p process are facing similar but somewhat relaxed problems than in case of
the r process, because the p-process network is much closer to the stability valley and
comprises long-lived and even stable isotopes, particularly in the region of the light p
nuclei. Examples of these cases have been identified in the sensitivity studies of Refs.
[118, 117]. For the majority of the crucial competition points in the reaction network,
however, the specific radioactivity remains a prohibitive obstacle. Therefore, the use of
indirect methods is called for, similar to the situation on the r-process side mentioned
before. The higher p-process temperatures of 2-3 GK requires that neutron-induced
rates need to be known for kBT values of about 180-270 keV [118].
2.4. Galactic Chemical Evolution
The abundance distribution of the heavy isotopes must be considered as the result of
all previous stellar generations that were polluting the interstellar medium before the
formation of the Solar System. Presently, it appears that only the s process can be
described with sufficient confidence to determine the cosmic s-process abundances in
the framework of a general galactic chemical evolution (GCE) model.
Such an approach was reported by Travaglio et al. in a series of papers
[120, 121, 49, 50, 51] using a model, in which the Galaxy is subdivided into three zones
(halo, thick, and thin disk). With the s-process yields from a representative sample of
AGB stars of different mass and metallicity, and accounting for their respective lifetimes,
it was possible to follow the temporal enrichment of the s-process abundances in the
interstellar medium [50, 51]. The resulting s-process distribution at the time when
the solar system formed exhibits good agreement with the solar s abundances between
barium and lead, including the solar 208Pb abundance, which could be shown to originate
mostly from low-metallicity AGB stars, thus providing a natural explanation for the
strong s component. Below magic neutron number N = 82, however, the abundance
distribution obtained by the GCE approach turned out to underproduce the solar s-
process component between the Sr-Y-Zr region and barium by about 20 to 30% [52]. In
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view of this deficit, an additional type of neutron-capture nucleosynthesis in the Galaxy,
a light element primary process (LEPP) had been postulated [50], different from the s
process in AGB stars and also different from the weak s-process in massive stars. The
yet unknown origin of the LEPP is still a matter of debate [122, 123, 69, 124]. The
parameters of the unknown process (e.g., the neutron density) have been discussed in
[125] for reproducing the abundance patterns of HD 122563, a very metal-poor star
showing a LEPP-type abundance pattern [126]. The clarification of the LEPP problem
will certainly be furthered by a general improvement of the neutron capture cross section
data between Sr and Ba.
Observational constraints of the galactic chemical evolution can be provided by
spectroscopic observation of elemental abundances in stars of different metallicities, as
they are representative for different ages of the galaxy. In this context, very old, ultra-
metal-poor stars in the galactic halo attracted much interest, because their abundances
are characterized by only few nucleosynthesis events. As mentioned before, these very
old stars exhibit a solar-like r process distribution for the elements heavier than barium
[127, 82, 85, 86], but also a clear deficit in the region below.
Under certain conditions, stars may experience convective-reactive nucleosynthesis
episodes. It has been shown with hydrodynamic simulations that neutron densities
in excess of 1015 cm−3 can be reached [128, 129], if unprocessed, H-rich material is
convectively mixed with a He-burning zone. Under such conditions, which are between
the s and r process, the reaction flow occurs a few mass units away from the valley
of stability. These conditions are sometimes referred to as the i process (intermediate
process). One of the most important rates, but extremely difficult to determine, is the
neutron capture cross section of 135I. While the 135I(n, γ) cross section is not accessible
by direct measurements because of the short half-life of about 6 h, the much improved
production rates of radioactive isotopes at FAIR [130], however, offer the possibility
to investigate the Coulomb dissociation cross section of 136I. This reaction can then in
turn be used to constrain the 135I(n, γ) rate. In general, this method is suited for (n, γ)
studies on neutron rich isotopes, because the decreasing neutron separation energies
are favoring the DRC channel compared to the more complex compound mechanism
as mentioned before (see also Sec. 3.4). The neutron separation energy of 136I is only
3.8 MeV, since 136I is neutron magic.
3. Neutron reactions
3.1. Definitions and current database
In stellar interiors, the plasma is considered to be in thermodynamic equilibrium. Hence,
particles are quickly thermalized and their velocities vx follow a Maxwell-Boltzmann
distribution, which only depends on the mass mx of the particle and on temperature T :
φ(vx)dvx = 4piv
2
x(
mx
2pikBT
)3/2 exp(−mxv
2
x
2kBT
)dvx. (1)
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Here, φ(vx)dvx denotes the probability to find a particle with a velocity between vx and
vx+dvx, and kB is the Boltzmann constant. For interacting nuclei X and Y the reaction
rate per particle pair can then be written as:
< σv >=
∫ ∞
0
φ(v)σ(v)vdv = 4pi(
µ
2pikBT
)3/2
∫ ∞
0
σ(v)v3 exp(− µv
2
kBT
)dv, (2)
where v is the relative velocity between X and Y and µ = mxmy/(mx+my) the reduced
mass. Maxwellian average cross sections (MACS) are defined as the reaction rate scaled
by the most probable velocity vT =
√
kBT/µ of the Maxwell-Boltzmann distribution:
< σ >=
< σv >
vT
=
2√
pi
1
(kBT )2
∫ ∞
0
σ(E)E exp(− E
kBT
)dE (3)
According to the temperatures at the various s-process sites, MACS values need
to be known for thermal energies kBT = 8 to 90 keV. Therefore, neutron capture
cross sections should be known up to several hundred keV, keeping in mind that the
energy range above 400 keV contributes only about 1% to the thermal spectrum at
kBT = 90 keV. The effect on the MACS is even smaller because the cross sections
are typically decreasing with increasing neutron energies. The situation is similar for
r-process nucleosynthesis, where temperatures are typically ≤ 1 GK, corresponding to
kBT values of at most 90 keV. The p process operates at higher temperatures, with kBT
values up to 270 keV, requiring neutron cross sections up to at least 1 MeV.
In a first compilation by Macklin and Gibbons [10] MACS data were calculated
from kBT = 5 − 90 keV using the neutron capture information up to 1965. In the
following decades, new and better experimental techniques became available, resulting
in a wealth of new and more accurate measurements. Thanks to higher neutron
fluxes and better detectors, measurements on many new isotopes were performed with
significantly improved uncertainties, reaching a few percent in favorable cases. These
data were collected in further MACS compilations by Ka¨ppeler et al. [131] and Bao et
al. [132]. The latter became available online as the ”Kadonis Astrophysical Database
of Nucleosynthesis in Stars” (KADoNiS) and has been continuously updated to the
present version v0.3 [79]. Recently, charged particle reaction rates for the astrophysical
p process have been added as well [133].
Neutron cross sections for s-process studies are determined by two complementary
methods. The time-of-flight (TOF) and the activation technique require both the
production of a neutron beam. Because neutrons are unstable, it is not (yet) possible
to perform experiments in inverse kinematics. Therefore, experiments are essentially
limited to direct measurements of (n, γ) cross section on reasonably long-lived samples,
but the potential for neutron capture studies via the inverse (γ, n) channel will be briefly
touched as well.
3.2. Time-of-flight experiments
The TOF method enables cross section measurements as a function of neutron energy.
Neutrons are produced quasi-simultaneously by a pulsed particle beam, thus allowing
CONTENTS 18
one to determine the neutron flight time t from the production target to the sample
where the reaction takes place. For a flight path L, the neutron energy is
En = mnc
2(γ − 1) (4)
where mn is the neutron mass and c the speed of light. The relativistic correction
γ =
(√
1− (L/t)2/c2
)−1
can usually be neglected in the neutron energy range of interest
in nucleosynthesis studies and Eq. 4 reduces to
En =
1
2
mn
(
L
t
)2
. (5)
The TOF method requires that the neutrons are produced at well defined times. This is
achieved by irradiation of an appropriate neutron production target with a fast-pulsed
beam from particle accelerators. The TOF spectrum measured at a certain distance from
the target is sketched in Figure 8. The essential features are a sharp peak at t = L/c,
the so-called γ-flash due to prompt photons produced by the impact of a particle pulse
on the target, followed by a broad distribution of events when the neutrons arrive at
the sample position, corresponding to the initial neutron energy spectrum.
Figure 8. Schematic time-of-flight spectrum. The sharp peak at t = L/c is caused
by prompt photons produced by the impact of a particle pulse on the target. Neutrons
reach the measurement station at later times and give rise to a broad distribution
depending on their initial energies.
Neutron TOF facilities are mainly characterized by two features, the energy
resolution ∆En and the flux φ. The neutron energy resolution is determined by the
uncertainties of the flight path L and of the neutron flight time t:
∆En
En
= 2
√
∆t2
t2
+
∆L2
L2
(6)
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The neutron energy resolution can be improved by increasing the flight path, but
only at the expense of the neutron flux, which scales with 1/L2. The ideal combination of
energy resolution and neutron flux is, therefore, always an appropriate compromise. The
energy resolution is affected by the Doppler broadening due to the thermal motion of the
nuclei in the sample, by the pulse width of the particle beam used for neutron neutron
production, by the uncertainty of the flight path including the size of the production
target, and by the energy resolution of the detector system.
The by far most important type of neutron reactions in astrophysics are neutron
captures, which constitute the main production mechanism for the formation of the
heavier chemical elements from iron to the actinides. The corresponding cross sections
usually show a strong resonant structure, caused by the existence of excited levels in the
compound nucleus. The excitation function for a reaction can accordingly be divided
into three regions, the resonance region, where the experimental setup allows to identify
individual resonances, the unresolved resonance region, where the average level spacing
is still larger than the natural resonance widths, and the continuum region, where
resonances start to overlap. The border between the first two regions is determined
by the average level spacing and by the TOF resolution of the experiment.
Beside the resonant component related to the formation of a compound nucleus,
there is also a small direct component to the cross section, which corresponds to events
where the neutron is directly captured into the final state with cocomitant emission of
high-energy γ-rays. Because of its smooth dependence on neutron energy the direct
component is not easily distinguishable from experimental background and, therefore,
hard to identify in the resonance region. Direct capture is important for light as well as
for the very neutron-rich, heavier nuclei involved in the r-process network, because in
these cases the compound contributions are very small due to the low level densities in
these nuclei.
In TOF measurements, capture cross sections are determined via the prompt γ-ray
cascade emitted in the decay of the compound nucleus. The most common detection
principles for measuring neutron capture cross sections are the use of total absorption
calorimeters or total energy detection systems.
The total energy technique is based on a device with a γ-ray detection efficiency,
εγ, proportional to γ energy, Eγ. Provided that the overall efficiency is low and that
no more than one γ is detected per event, the efficiency for detecting a capture event
becomes - on average - independent of cascade multiplicity and de-excitation pattern,
but depends only on the excitation energy of the compound nucleus, i.e. the neutron
separation energy. A detector with an intrinsic proportionality of Eγ and εγ was first
developed by Moxon and Rae [134] by combining a γ-to-electron converter with a thin
plastic scintillator. Because of this conversion, Moxon-Rae detectors are essentially
insensitive to low-energy γ rays and were, therefore, used in TOF measurements on
radioactive samples [135, 136]. The efficiency of Moxon-Rae detectors for capture events
is typically less than a few percent.
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Higher efficiencies of about 20% can be obtained by an extension of the Moxon-
Rae principle originally proposed by Maier-Leibnitz [137, 138]. In these total energy
detection systems the proportionality Eγ - εγ is extrinsically realized by an a posteriori
treatment of the recorded pulse-height. This Pulse Height Weighting technique is
commonly used with liquid scintillation detectors about one liter in volume, small
enough for the condition to detect only one γ per cascade. Present applications at
neutron facilities n TOF (Cern, Switzerland) and at GELINA (IRMM, Belgium) are
using deuterated benzene (C6D6) as scintillator because of its low sensitivity to scattered
neutrons. Initially, the background due to scattered neutrons had been underestimated,
resulting in overestimated cross sections, particularly in cases with large scattering-to-
capture ratios as pointed out by Koehler et al. [139] and Guber et al. [140, 141]. With
an optimized design, an extremely low neutron sensitivity of εn/εγ ≈ 3× 10−5 has been
obtained at n TOF [142], which is especially important for light and intermediate-mass
nuclei, where elastic scattering usually dominates the capture channel.
A total absorption calorimeter consists of a set of detectors arranged in 4pi geometry,
thus covering the maximum solid angle. Because the efficiency for a single γ-ray of the
capture cascade is usually close to 100% in such arrays, capture events are characterized
by signals corresponding essentially to the Q-value of the reaction. Provided good
resolution in γ energy, gating on the Q-value represents, therefore, a possibility of
significant background suppression.
Total absorption calorimeters exist at several TOF facilities. Most are using BaF2
as scintillator material, which combines excellent timing properties, fairly good energy
resolution, and low sensitivity to neutrons scattered in the sample. In fact, neutron
scattering dominates the background in calorimeter-type detectors, because the keV-
cross sections for scattering are typically 10 to 100 times larger than for neutron capture.
In measurements at moderated neutron sources this background is usually reduced by
an absorber surrounding the sample. Such a detector has been realized first at the
Karlsruhe Van de Graaff accelerator [143]. This design, which consists of 42 crystals, is
also used at the n TOF facility at CERN [144], while a geometry with 160 crystals has
been adopted for the DANCE detector at Los Alamos [145, 146]. In specific neutron
spectra, e.g. in measurements with the Karlsruhe array, where the maximum neutron
energy was about 200 keV, scattered neutrons can be partially discriminated via TOF
between sample and scintillators, because the capture γ rays reach the detector before
the scattered neutrons [143]. There are also 4pi arrays made of NaI crystals [147, 148],
but in the astrophysically important keV region these detectors are suffering from the
background induced by scattered neutrons, which are easily captured in the iodine of
the scintillator.
At white neutron sources, the highest neutron energy for which the neutron capture
cross section can be determined is limited by the recovery time of the detectors after the
γ flash. While the accessible neutron energy range is practically not restricted for C6D6
detectors, BaF2 arrays are more sensitive, depending on the respective neutron source.
At n TOF, for example, the BaF2 calorimeter can be used only up to few tens of keV,
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whereas there are no strong limitations at Los Alamos. Independent of the detection
system used, measurements at higher neutron energies are increasingly difficult because
the (n, γ) cross section decreases with neutron energy, while at the same time competing
reaction channels, e.g. inelastic neutron scattering, are becoming stronger. Nevertheless,
present techniques are covering the entire energy range of astrophysical relevance up to
about 500 keV with sufficient accuracy.
Apart from neutron capture, there are also other neutron-induced reactions of
relevance for stellar nucleosynthesis. While neutron-induced fission of the very short-
lived isotopes involved in the r process is presently inaccessible to experiments, the
impact of (n, p) and (n, α) reactions can dominate over neutron capture, especially
in the mass region below Fe. Examples are the neutron poison reaction 14N(n, p)14C
[149, 150] and the recycling reaction 33S(n, α)30Si impeding the s production of 36S
[151, 152].
Ionization chambers are popular for cross section measurements of reactions with
charged particles (cp) in the exit channel. These detectors have the advantage that they
are rather insensitive to neutrons and can be operated directly inside the neutron beam,
thus covering a large solid angle. Different designs have been used for astrophysical cross
section measurements at various TOF facilities, for example Frisch-gridded chambers
in (n, cp) measurements at Karlsruhe and GELINA, (e.g. [151] and [153], respectively)
or a compensated chamber at ORELA [154]. Among the current gas detectors the
Microbulk Micromegas type [155] is a fairly new development, which is based on the
MicroMegas principle [156] and has the advantage of fast timing and the capability
for spatial resolution [157]. The very low material budget of this type allows one to
share the same neutron beam line with another experiment by operating the detector
in parasitic mode, in parallel to other experiments. Its low sensitivity to the γ flash and
its comparatively high gain make the detector particularly suited for measurements of
(n, cp) cross sections, where the ejectile energies are typically a few MeV only.
Fast ionization chambers are frequently used in fission cross sections measurements,
where background problems are relaxed because of the comparably high Q-values (e.g.
Ref. [158]). More detailed information on the fission process can be obtained with
parallel plate avalanche counters [159], for example on the fission fragment angular
distribution [160]. Further advantages of these detectors are excellent time and spatial
resolution and their practically negligible response to the γ flash.
Compared to gas detectors, silicon detectors are superior in energy resolution and
better suited for particle identification in TOF experiments. They are, however, sensitive
to neutron damage, and are, therefore, usually operated outside the neutron beam.
Silicon detectors have been successfully used in measurements of (n, p) and (n, α) cross
sections (see, e.g. [150, 161]) as well as for monitoring the neutron flux [162]. Recently,
a chemical vapor deposited (CVD) diamond detector has been developed at n TOF for
measurements of (n, cp) cross sections [163]. Diamond detectors are radiation hard and
can be operated almost background-free even directly in the neutron beam. However,
their energy resolution does not reach that of silicon detectors.
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3.3. The activation method
To obtain stellar cross sections from an activation experiment, the neutron spectrum
should ideally correspond to the perfectly thermal spectrum at the respective s-process
site. By serendipity, the 7Li(p, n)7Be reaction, which represents the most prolific neutron
source at low energy accelerators fulfills this requirement almost perfectly [164, 165, 166].
Adjusting the proton energy at Ep = 1912 keV, 30 keV above the reaction threshold,
yields a neutron spectrum with an energy dependence close to
Φn(E) = E exp(− E
kBT
) (7)
as required in the MACS definition of Eq. 3 for the case of kBT = 25 keV almost
perfectly mimicking the situation during He shell flashes in AGB stars (Sec. 2.1).
This quasi-stellar neutron source is ideally suited for the determination MACS data
for a number reasons:
(i) The experimental setup is rather simple. Because the proton energy is just above
the reaction threshold, all neutrons are emitted in a forward cone with an opening angle
of 120 degrees. Because the accelerator can be operated in direct mode and the sample
can be placed directly at the neutron production target, the neutron flux in activation
measurements is orders of magnitude higher than can be achieved in TOF experiments.
The higher flux results in an enormous gain in sensitivity, thus allowing for measurements
of very small cross sections and/or on very small samples. (ii) Samples can be used in
natural isotopic composition or even as compounds, because the reaction products are
detected off-line in a low-background environment via their characteristic decay modes.
In favorable cases this allows one to measure the cross sections of several isotopes at the
same time or to determine the partial cross sections for feeding isomeric states, an aspect
that is important for the reaction flow in some of the branchings. (iii) Backgrounds
are strongly reduced. For example, the effect of scattered neutrons and the ambient
γ background, which is immanent to TOF experiments, are completely eliminated.
Sample-related effects due to multiple scattering and self-shielding can be avoided by
using very small samples. In general, the comparably short measurement times allows
one to study systematic uncertainties experimentally by repeated activations under
modified conditions.
However, the method is limited to cases where neutron capture leads to an unstable
isotope with a half-life longer than about a second. Moreover, the quasi-stellar spectrum
is not exactly thermal and the respective corrections (which are usually very small
though) require the knowledge of the energy dependence of the cross sections. A more
severe problem results from the fact that quasi-stellar spectra can only be produced for
very few temperatures. Apart from the 7Li(p, n)7Be reaction for kBT = 25 keV, other
possibilities are provided by (p, n) reactions on 18O for kBT = 5 keV [167] and
3H for
kBT = 52 keV [168], both with significantly reduced intensities. This means that the
MACS determined via activation may have to be inter- or extrapolated to cover the full
range of s-process temperatures. Unless the energy-dependence of the cross section is
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well defined experimentally, this procedure may cause sizable uncertainties.
In view of its attractive features, the activation technique has been extensively used
at the Karlsruhe Van de Graaff. Across the nuclear chart, MACS measurements have
been carried out on 120 isotopes according to the KADoNiS compilation [79]. Typically,
the induced activity can be measured via the γ emission of the product nucleus, which
implies favorable signal-to-background ratios and the unambiguous identification of the
reaction products. The excellent selectivity achieved in this way can often be used to
study more than one reaction in a single irradiation. A prominent example is Xe, where
five cross sections can be measured simultaneously [169]. If suited compounds are used
for the sample material, cross sections of all constituents can be determined as in case
of RbBr, where MACS data for all four stable isotopes could be obtained [78].
The technique allows very good accuracy as demonstrated by the 1.4% uncertainty
claimed for the MACS of 197Au [164]. Examples for the unique sensitivity are
measurements of very small cross sections at the µb-level, e.g. on 15N with a MACS-
value of only 6 µb for kBT = 25 keV. Similarly small cross sections were obtained for
14C [170] and 18O [171]. Both are particular, because the short half-lives of the reaction
products required the use of a fast cyclic activation scheme [172].
The excellent sensitivity of the activation method was mandatory for measurements
on very small samples of the unstable branch-point isotopes 135Cs [173], 147Pm [174],
155Eu [175], 163Ho [176], 171Tm [177], and 182Hf [178]. Among these cases, the 28 ng of
147Pm represent the smallest sample ever used in an (n, γ) cross section measurement
in the keV region. In dealing with MACS measurements on unstable isotopes, the
possibility for using sample sizes of a few µg or even less is particularly crucial, because
these materials are hard to produce. Another important aspect in using small radioactive
samples is that it allows one to keep the radiation hazards and the related backgrounds
at a manageable level. Here, 60Fe deserves special mentioning as the measurement of
this MACS is complicated by the small (n, γ) cross section as well as by the difficulty
in obtaining a suitable sample [179, 180].
While fast cyclic activation is called for in case of short-lived reaction products,
long-lived product nuclei are more difficult to deal with, in particular if the induced
activities are near or below the detection limit. If decay counting of the reaction product
becomes too difficult, the reaction products can be directly counted using Accelerator
Mass Spectrometry (AMS), an ultra-sensitive technique to measure isotopic ratios as
small as 10−16. AMS was first been applied for cross section measurements by Paul et
al. for the 25Mg(p, n)26Al reaction [181]. A prominent example for an (n, γ) reaction is
the case of 62Ni, where the product nucleus 63Ni has not only a half-life of 101 years, but
decays without any γ emission and a very low β-endpoint energy of 70 keV [73, 182].
Meanwhile, AMS has been applied successfully for MACS measurements on 9Be and
13C [183], 14N [184], 40Ca [185], 54Fe [186], 58Ni [187], and 78Se [188].
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3.4. Indirect measurements
Depending on the reaction type the corresponding indirect approaches are very different.
Within this review, only the techniques important for neutron studies, i.e. inverse
reactions and surrogate reactions, will be discussed.
The Coulomb dissociation (CD) method can be used to determine the desired
cross section of the reaction A(n, γ)B via the inverse reaction B(γ, n)A by applying
the detailed balance theorem. It has been shown that this method can be successfully
applied, if the structure of the involved nuclei is not too complicated, as in the case of
the reaction 14C(n, γ)15C [170]. If the reaction product B is short-lived, the CD method
can be applied at radioactive beam facilities [189, 190].
Limitations of the CD method are (i) the applicability of this method to heavier
nuclei close to the valley of stability due to the high level density in the compound
nucleus, and (ii) because the resolution of current facilities of ≥ 100 keV is not sufficient
to constrain the astrophysically relevant cross section.
Restriction (i) is alleviated in r-process studies, because the level density is rapidly
decreasing as the Q-values drops towards the neutron drip line. This implies that fewer
levels are important, and the part of the capture cross section, which can be constrained
via the inverse reaction, increases. Restriction (ii) motivated the development of
improved experimental approaches such as NeuLAND@FAIR, which aims for an energy
resolution of better than 50 keV [191].
If the product is stable or very long-lived, also real photons can be used to study
B(γ, n)A reactions [192, 193]. In principle the same restrictions apply as for the Coulomb
dissociation method.
Surrogate reactions have been successfully used for obtaining neutron-induced
fission cross sections [194]. This approach is using a charged particle reaction for
producing the same compound system as in the neutron reaction of interest. In this
way, a short-lived target isotope can be replaced by a stable or longer-lived target. For
neutron capture reactions, however, the method is challenged because the compound
nucleus that is produced in the surrogate reaction is characterized by a spin-parity
distribution that can be very different from the spin-parity distribution of the compound
nucleus occurring in the direct (n, γ) reaction [195, 196].
4. Facilities and achievements
4.1. White neutron sources
Commonly, the term ”white” refers to accelerator-based neutron sources, where an
initially hard neutron spectrum region is softened by a moderator for producing a
continuous neutron spectrum covering the energy range from the high production
energies in the MeV to GeV region down to thermal values.
The highest neutron yields are obtained in spallation reactions of high-energy
beams. As spallation neutrons are very energetic, a moderator near the neutron
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production target is needed to shift the spectrum to the lower neutron energies of
astrophysical interest. TOF facilities at spallation neutron sources are presently
operating at CERN [197, 198, 199], at Los Alamos National Laboratory [200] and at
J-PARC [201].
At n TOF, intense 20 GeV pulses of 7× 1012 protons are producing about 2× 1015
neutrons per pulse in a massive lead target, corresponding to 300 neutrons per incident
proton. The target is cooled with water, which acts also as moderator. The resulting
neutron spectrum ranges from thermal energies of 25 meV to a few GeV. The flight path
of 185 m and the proton pulse width of 7 ns, offer a very good energy resolution. During
the approximately 10 years of successful operation, a large number of (n, γ) reactions of
stable nuclei on the s process path has been studied with C6D6 scintillation detectors
(Sec. 3.2), i.e. isotopes of Fe and Ni [202], Zr [203, 204, 205], La [206], Au [207], Pb
[208], and Bi [209] as well as the potential neutron poison isotopes of magnesium [210].
Particular projects are the capture cross sections of 186,187,188Os for determining the age
of the universe via the Re/Os clock [211, 212, 213] and the cross sections of the unstable
branch point isotopes 63Ni (t1/2 = 101.5 yr) [214] and
151Sm (t1/2 = 93 yr) [215, 216].
In addition, the (n, α) cross section of the long-lived isotope 59Ni (t1/2 = 76 kyr) has
recently been determined with a special CVD diamond mosaic-detector [163].
At the Los Alamos Neutron Science Center (LANSCE), a proton beam with an
energy of 800 MeV reacts with a W target. The total neutron yield at the target station
is smaller than at n TOF, but the time-integrated neutron flux at the sample position
is on average about 20 times higher than at n TOF due to a shorter flight path of 20 m
and a higher repetition rate of 20 Hz (vs. 0.4 Hz at n TOF). On the other hand, the
proton pulse width of 120 ns is limiting the energy resolution in the keV region, and
as a consequence, only average cross sections can be determined above about 10 keV.
Measurements of astrophysical interest started with (n, p) cross sections [150, 217, 218]
and have been later extended to neutron capture data for 62,63Ni [75, 219] and 147,151Sm
[220, 221].
At the Material and Life science experimental facility at J-PARC in Japan, an
intense, pulsed neutron beam is produced via spallation of 3 GeV protons on a mercury
target. Besides the focus on material and life sciences, one beam line at a distance
of 22 m from the target is dedicated to neutron cross section measurements, using
the Accurate Neutron-Nucleus Reaction Measurement Instrument (ANNRI). ANNRI
consists of 2 detection setups, a 4pi Ge detector array and a NaI(Tl) spectrometer.
Neutron fluxes at the current beam power of 120 kW are about a factor then higher
than at the 20 m station at LANSCE. The final beam power of 1 MW will boost the
flux by another factor of 10. Due to the long pulse width of 1 µs the neutron energy
resolution is deteriorating already at several hundred eV. Current efforts concentrate on
neutron capture measurements on minor actinides and long-lived fission products, e.g.
244,246Cm [222].
Electron accelerators have been used for neutron production via bremsstrahlung-
induced (γ, f) and (γ, n) reactions by irradiation of high-Z targets with pulsed electron
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beams. A prominent example was the Oak Ridge Electron Linear Accelerator (ORELA)
[223], where important experimental techniques have been developed [138, 224] and
where most of the initial MACS data for s-process studies have been determined in
numerous measurements by Macklin and collaborators (see, e.g., [225, 226, 227, 228],
including first studies on unstable isotopes [229, 230, 231, 232]. After an update
of the experimental setup, astrophysics at ORELA was resumed by Koehler et
al. with (n, γ) and (n, α) measurements on isotopes of Sr, Mo, Ba, Sm, and Pt
[233, 234, 235, 236, 237, 238].
When ORELA was closed in 2012, GELINA at Geel/Belgium [239, 240] remained
the only electron-driven, moderated facility for neutron studies in the energy regime of
the s process. The accelerator delivers a 140 MeV electron beam with a pulse width of
1 ns onto a rotating U target, and the water-moderated neutron spectra from 25 meV
up to 20 MeV can be accessed at 10 flight paths from 10 to 400 m. The astrophysics
activities are essentially carried by visiting groups and are devoted to (n, γ) cross sections
of isotopes on the s process path, e.g., Si [241], Kr [242], Nd [243], and Ba/Pb [244]. As
a complement to the (n, γ) studies, (n, α) and (n, p) cross sections were measured for
17O [245], 26Al [153] and for 36Cl [246], respectively.
At the ELBE accelerator at Dresden-Rossendorf a 40 MeV electron beam on an
unmoderated liquid metal target is used to operate a very compact neutron source
characterized by a remarkably high TOF resolution [247]. Applications in astrophysics
are hampered, however, by the hard neutron spectrum that is concentrated in the energy
range from 0.2 to 10 MeV with an intensity maximum around 1 MeV, too high for most
astrophysical (n, γ) measurements.
About a factor of 104 higher neutron fluxes than at conventional TOF facilities can
be produced with lead slowing down spectrometers (LSDS), however, at the expense
of neutron energy resolution, which is > 30% (FWHM). An LSDS consists of a pulsed
neutron source surrounded by high purity lead blocks, typcally 1 m3 in volume. Neutrons
get trapped in the lead for several hundreds of microseconds and are slowed down by
inelastic and elastic scattering. Losses due to neutron capture on Pb are very small,
because the capture cross sections are orders of magnitude smaller than for scattering.
At LSDS facilities cross section measurements can be performed on minute samples of a
few tens of ng, and are, therefore, well suited for measurements on short-lived isotopes
and/or samples of high specific activity. The first LSDS was built in the 1950ies [248],
and the concept has been revived, e.g. at CERN [249], Los Alamos [250], and KURRI
[251]. Neutron cross section measurements with LSDS spectrometers have been mainly
used for fission and capture cross section measurements for reactor applications (see e.g.
[252, 253]), but have potential for measurements on s process branching points as well.
4.2. Low-energy accelerators
Neutron production via (p, n) reactions at low-energy electrostatic accelerators was the
initial source of information on stellar cross sections [10]. When electron linacs came
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into routine operation in the late 1960ies most experimental activities were attracted
by the higher flux and better energy resolution of the new neutron sources. About 15
years later, however, the specific advantages of low-energy machines led to a revival,
particularly for applications in astrophysics.
Fast pulsed electrostatic accelerators are important because they are complemen-
tary to white neutron sources due to a combination of unique features, i.e. the possibility
to tailor the neutron spectrum, low backgrounds, and competitive flux at sufficient TOF
resolution. Neutron spectra can be restricted to the immediate region of interest for s-
process applications by the proper choice of the proton energy and the thickness of the
neutron production target. For the example of the 7Li(p, n)7Be reaction, which has been
used in most cases because it represents the most prolific (p, n) source, neutrons in the
energy range from a few to 220 keV are produced by bombarding layers of metallic Li or
LiF typically 10 to 30 µm in thickness. With proton beams 30 and 100 keV above the
reaction threshold at 1881 keV, continuous neutron spectra with maximum energies of
100 and 225 keV are obtained, where the first choice offers a significantly better signal to
background ratio at lower neutron energies. The neutron production target consists only
of a thin Li layer on a comparably thin backing without any moderator, thus allowing
for very short flight paths down to a few centimeters. In this way, neutron intensities at
the position of the sample are becoming comparable to those of white neutron sources
in spite of the lower neutron production yields and higher repetition rates [254]. And,
not to forget, low-energy accelerators bear the option for activation measurements in
quasi-stellar neutron spectra (Sec. 3.3).
Thanks to these options, particularly the Karlsruhe Van de Graaff has been
extensively used for astrophysics studies. In the optimized TOF mode, typical beam
parameters were an average proton current of 2 µA at a repetition rate of 250 kHz, and
a pulse width of 0.7 ns, perfectly matching the 0.5 ns time resolution of the 4pi BaF2
array that was originally developed for (n, γ) studies at this accelerator [143]. With
flight paths around 80 cm, a flux similar to that of electron linacs could be obtained at
a TOF resolution of 1.2 ns/m, fully adequate for the determination of MACS data in
the temperature range of the various s-process scenarios.
The Karlsruhe activities are covering the mass range of the entire s-process path
from carbon to bismuth. Particularly fruitful was the setup with the 4pi BaF2 detector,
which has been extensively used for determining an accurate and comprehensive set of
MACS data in the mass range of the main component from Nb to Ta. In this program,
emphasis was put on the s-only isotopes of Sn [255], Te [256], Xe [257], Ba [258], Sm
[259], Gd [260], and Lu [261] to characterize important s-process branchings as well
as to establish a grid for normalization of the Nsσ distribution via the MACS data
of 110Cd [262], 142Nd [16], and 150Sm [259]. The full potential of the 4pi BaF2 array
has been demonstrated in the MACS measurement on Nature’s rarest stable isotope
180Tam [263, 264]. Although the total world supply of that isotope could be obtained,
the sample consisted of only 150 mg Ta with a modest enrichment in 180Tam of 5.5%.
In this case, the option of using the Q-value difference was crucial for discriminating
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events of the dominant impurity 181Ta.
An important feature of low-energy accelerators is the possibility of tailoring the
neutron spectra by the choice of neutron source reaction, proton energy, and thickness
of the neutron production target [265]. Special examples are the kinematic collimation
of the neutron beam providing the possibility to reduce neutron flight paths to a few
centimeters with an enormous increase of the flux at the sample position (e.g. [136, 266]).
This option allowed also to produce a narrow energy beam for a measurement of the
(n, n′) cross section [212] for complementing the nuclear physics input for dating the
Universe by means of the Re/Os chronometry [213].
The flexibility of low-energy accelerators has also been used for experiments with
unique sensitivity to the DRC channel at TIT Tokyo [267], which provided the MACS
data for the very abundant isotopes 12C [268], 13C [269], and 16O [270], which are
important neutron poisons for the s process in spite of their minute (n, γ) cross sections.
To complete this section, it is worth mentioning the potential of reactor filtered
neutron beams, which are produced by means of sharp interference dips on the
low-energy side of broad scattering resonances. A first astrophysically motivated
measurement that was reported using the 24 ± 2 keV spectrum obtained with an iron
filter [271] already showed that this method has the advantage of very clean, well-
defined spectra covering a relatively narrow energy range. A unique set of neutron
filters has been installed at the Kyiv reactor, providing more than 10 neutron lines
in the energy range from thermal to several hundred keV with intensities of 106 -
108 cm−2s−1 [272, 273]. Apart from activation measurements for normalization of
uncertain differential (n, γ) cross sections, filtered neutron beams are important for
measurements of elastic and inelastic scattering cross sections, which are needed for the
quantitative assessment of the influence of thermally populated excited states on the
MACS. The uncertainty of the respective correction, the so-called stellar enhancement
factor (Sec. 4.3), can be significantly reduced provided that all reaction channels are
constrained by experimental data as demonstrated for the important case of 187Os [213].
In that study, a quasi-monoenergetic neutron beam was produced via the 7Li(p, n)
reaction [212], but with much lower intensity and less resolution than at Kyiv, for
example.
4.3. Role of Theory
Typical reaction networks for explosive nucleosynthesis contain about 2000 mostly
unstable isotopes connected by more than 20000 reactions. These numbers underline the
importance of theoretical predictions for the astrophysical rates of all these reactions.
Whenever possible, the theoretical predictions are supported, guided, and constrained
by experimental data, but for the foreseeable future, by far the largest part of this
information will depend on models suited for global predictions of nuclear properties.
The current half-life limit for direct measurements of neutron capture rates is a few years.
With the new facilities on the horizon (Sec. 5.1), this limit will be reduced to about 100
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days [274], still not sufficiently low to contribute to our understanding of the r process,
even of the freeze-out phase [100]. The same holds true for the i process [128, 129] with
the neutron capture cross section of 135I (t1/2 = 6 h) as an important example (Sec.
2.4). The continuous attempts for constructing such global approaches are reflected
in huge databases, which are often available online, e.g. by works of Rauscher et al.
[275, 276, 277] and Goriely [278], or by the data obtained with the Talys code [279].
Even if experimental cross section data are available, very often these data are not
fully commensurable with the energy regime of the stellar situation. In such cases,
cross sections obtained with theoretical models can be normalized to the available
experimental data. If the uncertainty of the energy dependence of the calculated cross
section is small, this method provides a safe extrapolation to the relevant stellar energies
from the measured energies. This approach was applied to a number of isotopes, where
the cross section has been determined only by activation in a quasi-stellar spectrum
corresponding to kBT = 25 keV (for examples see [132]).
Cross section data from laboratory experiments are subject to corrections for
temperature effects, because low-lying excited nuclear states are thermally populated in
the hot environment of the interior of stars. As their cross sections generally exceed the
respective ground state values, the corresponding correction is often denoted as stellar
enhancement factor (SEF). The SEF corrections depend critically on the excitation
energies of the first few nuclear states and are important if the lowest excited states occur
within an energy window corresponding to three to four times the thermal energy of the
stellar environment. Under the conditions of the s-process component in AGB stars,
this affects states below about 100 keV, but at the higher temperatures in massive stars
this window is extended to 300 keV or higher. The problem of the SEF corrections and
their uncertainties has been recently addressed in detail by Rauscher et al. [275, 276].
On a laboratory scale, the excited states decay quasi instantly via γ-emission and
are, therefore, out of reach for direct measurements. The only chance in the foreseeable
future might be to use the NIF facility at LLNL [280], where laser-heated fusion plasmas
can be produced with temperatures above 10 keV, but presently the determination of
SEF corrections remains subject to statistical model calculations.
The input for such calculations, however, can be derived from experimental data
on the ground state cross section complemented by the statistical properties of neutron
resonances and by the cross sections for the competing elastic and inelastic scattering
channels as demonstrated in case of 187Os, where the first excited state occurs already
at 9.8 keV [213]. A similar approach has also been used for the MACS calculation of the
branch point nucleus 192Ir by adjusting the parameters used in the Talys code on the
basis of experimental cross section data for the Ir and Pt isotopes [238]. Also indirect
methods can be useful to constrain the relevant model parameters. For example, time-
reversed experiments can provide the ratio for populating excited states and ground
state, thus contributing to the calculation of excited state cross sections.
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4.4. Stellar decay rates
In addition to the potential temperature-dependence of the neutron capture rates [132],
analyses of s-process branchings are facing severe theoretical problems in determining
the weak interaction properties. Although all rates for β-decay and electron capture
(EC) of relevance in the s process are known under terrestrial conditions, contributions
of thermally populated excited states as well as atomic effects in the strongly ionized
stellar plasma can dramatically modify the laboratory values [281]. The calculated β
rates in stellar environments are subject to nuclear uncertainties, which remain difficult
to estimate, because the related uncertainties depend strongly on the experimentally
unknown decay properties of excited states.
Under stellar conditions, ground state and low-lying excited states are in thermal
equilibrium. The combined β-decay rates of the involved states determine, therefore,
the β-decay probability of each species. So far, almost all stellar decay rates have
been inferred in a semi-empirical way by Takahashi and Yokoi [281] on the basis of
decay systematics derived from analogue states in neighboring nuclei. In order to
illustrate the effect of the remaining nuclear uncertainties, these calculations have been
iterated by modifying the unknown transition rates by an error value of log ft = ±0.5
[282]. For typical s-process conditions (temperature 3 × 108 K and electron density
Ne = 10
27 cm−3), the final rates differed by a maximum factor of three, but the
individual variation depends strongly on the excitation energies and decay patterns
of the individual excited states.
In case of isomeric excited states with sufficiently long half-lives one may attempt to
determine the weak-decay rate experimentally. An example is the decay of 79Se, where
the 96-keV isomer (t1/2 = 3.9 min) could be sufficiently populated for measuring its
β-decay half life of about 5 d [283], leading to a drastic reduction of the terrestrial half
life of 3× 105 yr to a few years under s-process conditions. Apart from isomeric states,
β decay properties of excited states have not been measured in the laboratory yet. In
addition, stellar decays are affected by modes, which are energetically not possible on
earth, i.e. EC from the continuum or bound β decay. These effects, which may alter the
decay rates by orders of magnitude [281], represent a permanent experimental challenge.
If the β-decay Q-value is small, the correspondingly long terrestrial half-lives of
such nuclei can be dramatically shortened in a hot stellar plasma, where the degree of
ionization is high or even complete. This opens the possibility for bound-state β decay,
where the electrons are emitted directly into empty atomic orbits. The mechanism
of bound-state β-decay has been successfully verified by following the decay of fully
stripped ions in the Experimental Storage Ring at GSI/Darmstadt. Half-lives for bound-
state β decay have been measured for 163Dy [284], which is stable in its neutral state, and
for 187Re [285], which is important for the Re/Os cosmic chronometer [213]. Additional
examples are 205Hg and 207Tl [286].
For the theoretical calculations of stellar rates, Gamow-Teller strength distributions
B(GT) for low lying states are needed [287, 288, 289]. Charge-exchange reactions, e.g.
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(p, n), provide access to the strength of these transitions via the proportionality between
the cross sections at low momentum transfer q close to 0◦ and B(GT),
dσCE
dΩ
(q = 0) = σˆGT (q = 0)B(GT ), (8)
where σˆGT (q = 0) is the unit cross section for GT transitions at q=0 [290]. As shown
in Ref. [291] this kind of information can also be obtained via (d, 2He) reactions, which
can be studied with high-resolution magnetic spectrometers. In order to access GT
distributions for unstable nuclei, experiments could be carried out in inverse kinematics
with radioactive ion beams.
5. Current developments and new opportunities
Current efforts in laboratory developments are focused on facilities with higher fluxes
and on detectors with high efficiencies and low inherent backgrounds. These features
are crucial for studies of unstable isotopes, where often sample sizes are limited due to
restricted availability or a high specific activity, but are likewise important for accurate
measurements of small cross sections.
5.1. New facilities
Currently, some facilities are under construction, which will yield neutron fluxes up to
two orders of magnitude higher than currently available. This large increase is either
based on the installation of a shorter flight path, like at n TOF EAR-2, or on using
an innovative new accelerator design to run small scale accelerators with unprecedented
beam intensities (for example the projects FRANZ and SARAF).
The EAR-2 project [198, 199] is an upgrade of the n TOF facility at CERN
[197, 292] by complementing the existing experimental area at 185 m (EAR-1) by a
new experimental area at a shorter flight path of 20 m. Figure 9 shows a sketch of the
EAR-2 project, which is expected to start operation the summer of 2014.
The new flight path will be installed vertically at an angle of 90 degrees with respect
to the 185 m flight path serving the existing experimental area (Sec. 4.1). Charged
particles are removed from the neutron beam by a permanent magnet, and the neutron
beam is shaped by collimators for optimized conditions with respect to capture and
fission experiments. Compared to EAR-1, the main advantages of EAR-2 are higher
average and instantaneous neutron fluxes (by factors of 25 and 250, respectively). In
addition, the γ flash is reduced, because γ rays and ultra-relativistic particles produced
in the target are predominantly emitted in the direction of the proton beam. The
performance of the new flight path is presently optimized by detailed simulations and
will be studied in detail during an extended commissioning campaign.
A different approach that will be well suited for both, time-of-flight and activation
measurements, is pursued at Goethe University Frankfurt, Germany [293, 294, 295, 296].
The Frankfurt Neutron Source of the Stern Gerlach Zentrum (FRANZ), which is
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Figure 9. Sketch of the second experimental area (EAR-2) currently under
construction at n TOF/CERN. EAR-2 will be placed at 90 degrees with respect to the
CERN-PS proton beam. The shorter flight path of 20 m results in a flux which is 20-30
times higher than at the 185 m measurement station EAR-1. ( c© n TOF@CERN)
currently under construction, is based on a high intensity proton accelerator using the
7Li(p, n) reaction for neutron production in the energy range up to 500 keV. The layout
of the FRANZ facility is shown in Figure 10.
The proton beam of 100-250 mA DC, produced in a volume type ion source, is first
accelerated to 2.0 MeV in a radiofrequency quadrupole section (RFQ) coupled to an
interdigital H-type (IH) structure. The final proton beam with an energy between
1.8 and 2.2 MeV and an energy resolution of 20 keV is obtained by a drift tube
cavity downstream of the IH part. Nominal proton currents will be limited to 20 mA
DC, resulting in a 1000 times higher neutron flux than what was available for TOF
measurements at Karlsruhe. For activation measurements, the total neutron yield will
be 1012 neutrons per second. For TOF measurements, the proton beam is compressed
to bunches of 1 ns, using a chopper system at the entrance of the RFQ with a repetition
rate up to 250 kHz and a Mobley-type bunch compressor. In this configuration, the total
neutron yield will be 2× 1011 neutrons per second. As the experimental conditions are
very similar, most of the equipment was transfered after the shutdown of the Karlsruhe
Van de Graaff, including the 4pi BaF2 array mentioned in Sec. 3.2.
Because the amount of sample material can be reduced by the gain in flux, TOF
measurements at FRANZ appear to be feasible already with samples of 1014 atoms. This
number represents a break-through with respect to the production of unstable samples,
because beam intensities of the order of 1010 to 1012 s−1 are expected at future Rare
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Isotope Facilities such as FRIB [297], RIKEN [298], or FAIR [299].
Activation mode 
neutron flux: 
    1012 s-1 
 
Time-of-flight mode 
neutron flux at 1 m: 
107 s-1 cm-2 
 
Figure 10. Sketch of the neutron facility FRANZ, currently under construction at
Goethe University Frankfurt/Germany
A low-energy approach is also being realized at the Soreq Applied Research
Accelerator Facility SARAF (Soreq NRC, Israel) [300, 301], where deuteron and proton
beams of 2 mA and energies up to 40 MeV are obtained with a superconducting linac.
Recently, first neutrons were successfully produced via the 7Li(p, n) reaction by means
of an innovative windowless Liquid-Lithium Target (LiLiT) [301]. For technical reasons
astrophysics experiments at this facility will be concentrated on the activation method.
A similar concept has been adopted for planning the LEgnaro NeutrOn Source
LENOS. Proton beams of initially 5 MeV energy and 50 mA current will be degraded to
achieve an energy distribution, which can be used to produce different neutron spectra
of quasi-Maxwellian shape via the the 7Li(p, n) reaction [302]. There is also potential
to measure cross sections of radioactive species by combining the neutron beam with
radioactive beams provided by the future SPES project [303].
Intense neutron sources with low-energy particle beams are also under development
for medical applications. Projects for cancer treatment by boron neutron capture
therapy (BNCT), e.g. at Birmingham [304], are using the 7Li(p, n) reaction and are
also working in the energy regime of astrophysical interest.
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Table 1. Comparison of integrated neutron flux between 10 and 100 keV and energy
resolution of operating and future TOF facilities.
Facility φn (10
4 s−1cm−2) φn (pulse−1cm−2) ∆E/E (in units of 10−3)
n TOF EAR-1 (185 m) 0.4 1× 104 1-2
LANSCE (20 m) 13 7× 103 8 - 26
GELINA(30 m) 1.4 18 1.3
FZK (1 m) 1 0.01 3 - 10
n TOF EAR-2 (20 m) 8 2× 105 10-20
FRANZ (1 m) 600 6 3 - 10
The performance of some existing and future TOF facilities is compared in Table
1 in terms of neutron flux and resolution. The flux values (in units of cm−2s−1 and
cm−2pulse−1) represent integrals over the neutron energy range from 10 to 100 keV,
which are most important for astrophysical applications. Among existing facilities,
LANSCE is offering the highest neutron flux per cm2s, however, with limited neutron
energy resolution due to the long pulse width of the primary proton beam. Comparable
fluxes are obtained at GELINA (30 m station), n TOF (EAR-1 at 185 m), and previously
at Karlsruhe (80 cm). In terms of neutron flux per pulse, n TOF has the highest
intensity, resulting in very good signal to background conditions, which are of advantage
for measurements on radioactive samples. At GELINA, shorter flight paths of 10 m are
also available, thus offering higher neutron flux, but at the expense of neutron energy
resolution.
The neutron flux at the future FRANZ facility was calculated to be factors of
60− 600 higher than at existing installations, using the code PINO [265]. Monte Carlo
simulations of the neutron flux at the future n TOF EAR-2 suggest that the neutron
flux per time unit will increase by a factor of about 25 with respect to the existing
n TOF EAR-1, making the flux comparable to LANSCE. The instantaneous neutron
flux, however, is expected to increase by a factor of 250, a key advantage of the CERN
facility. The neutron flux over the full energy range covered by these TOF facilities is
compared in Figure 11.
Note that activations at existing low-energy accelerators and particularly at the
future FRANZ facility can be performed in quasi-stellar neutron fields that are still
orders of magnitude more intense than achievable even in the most advanced TOF
installations.
5.2. Detectors
In general, neutron capture events are detected via the prompt γ-ray cascades. The
best signature of these cascades is the total energy that is defined by the Q-value of
the reaction. Depending on the level structure of the product nucleus, the energy
distribution of the emitted γ-rays can be very broad, which means the possibility of
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Figure 11. Comparison of the neutron flux at existing and future facilities as listed
in Table 1.
background discrimination based on the energy of single γ-rays is not restricted by the
energy resolution of the detector. Therefore, most approaches sacrifice energy resolution
for detection efficiency or neutron sensitivity.
The sensitivity to neutrons is extremely important, since the neutron scattering
cross section in the keV-regime can be several orders of magnitude higher than the
neutron capture cross section under investigation. Accordingly, the detectors are
exposed to sample-scattered neutrons, which may cause significant backgrounds. The
most successful technique for suppressing such backgrounds is based on liquid C6D6
scintillation detectors, which can be optimized for extremely low neutron sensitivity
[142]. Advanced detectors of this type are used on a regular basis, in particular if
isotopes with very small (n, γ) cross sections are under investigation [210].
Important progress in this field may come from a new concept based on composite
detectors of low efficiency. Using the directional information obtained via the Compton
effect the idea aims for a strong reduction of the ambient background from neutron
interactions in the detectors and room walls [305].
An important and broadly used alternative approach is the calorimetrical detection
of all emitted γ-rays. This technique, where capture events are discriminated against
backgrounds via the specific Q-value of the investigated sample, requires 4pi detectors
of high-Z materials with sufficient resolution in γ energy and detection efficiencies near
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100%. The first array suited for the keV region was the Karlsruhe 4pi BaF2 detector [143]
(Sec. 3.2). BaF2, which is among the scintillators with the lowest response to neutrons
and exhibits also excellent timing properties (Table 2), became also the material of
choice [145] for other 4pi calorimeters [146, 144].
Meanwhile, more scintillators can be produced in sufficiently large volumes. Some
attractive alternatives are compared with established detector materials in Table 2 with
respect to density or absorption length, wavelength of the scintillation light, signal
intensity given by the number of photons produced per γ-ray energy, and decay time.
The entries in the last column correspond to a quality factor for the sensitivity to
scattered neutrons.
Among the new scintillators, Ce doped LaBr3 represents an interesting alternative,
because of the superior energy resolution indicated by the large number of photons
per keV γ energy. Whether the background reduction obtained with a narrow Q-
value window compensates the effect of the rather high neutron sensitivity may well
depend on the specific experimental situation. From the examples listed in Table 2,
high-efficiency scintillators such as BaF2 represent a balanced compromise between a
modest energy resolution and low neutron sensitivity. In that respect LaCl3 might offer
a promising unexplored solution. Extreme cases are C6D6 detectors, which combine an
extremely low neutron sensitivity with poor resolution in γ-energy, whereas the excellent
energy resolution of Ge-detectors is to be paid with a comparably high sensitivity to
scattered neutrons. The latter choice, which has been adopted for the ANNRI array
at J-PARC/Japan [306], provides additional information on the decay patterns of the
capture cascades, however.
Another important aspect is the decay time of the scintillation light. Most time-
of-flight facilities suffer from an intense γ-flash caused by the impact of the particle
beam on the neutron production target that results in a high energy deposition in the
detectors at very short flight times (see Figure 8). Particularly at short flight paths, the
dead time caused by the γ flash impedes or even prevents the registration of neutron-
induced events at later times. The longer the decay time of the detector material and
the shorter the flight path, the lower the maximum energy for which capture events can
be observed. As soon as this energy limit falls below 10 keV, the setup is of limited
value for astrophysical purposes.
The prompt detection of charged particles requires very thin samples and is,
therefore, challenging in terms of the observed count rate. The detector is usually
more massive than the sample, thus requiring the possibility of discriminating reactions
in the sample and in the detector. One approach is to place the detectors outside
the neutron beam sacrificing solid angle coverage. Fast silicon detectors of different
sizes and granularities are suited for this purpose, i.e. for cross section measurements
of (n, α) reactions [307] and for neutron beam monitors using the 6Li(n, α) reaction
[162]. Alternatively, efficiencies of nearly 100% are obtained with highly transparent
detectors, which can be be placed directly inside the neutron beam. Most common
are gas detectors, e.g. ionization chambers, which have been operated in the single
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Table 2. Characteristics of some scintillator materials.
Scintillator Density Abs. Wave- Photons Decay Qualityb
lengtha length per keV time sγ/sn
(g/cm3) cm (nm) (ns)
C6D6 0.954 14 425 ≈10 2.8 80000
C6F6 1.61 10.1 430 10 3.3 610
BaF2
c 4.88 3.5 220; 310 1.8; 10 0.6; 630 300
Bi4Ge3O12
c 7.13 2.1 480 0.7; 7.5 60; 300 520
NaI(Tl) 3.67 4.6 415 38 250 23
CsI(Na) 4.51 3.8 420 41 630 22
CeF3
c 6.16 2.7 300; 340 0.2; 4.3 3; 27 740
LaCl3(Ce) 3.85 4.3 350 49 28 430
LaBr3(Ce) 5.08 3.4 380 63 16 27
Lu1.8Y2SiO5(Ce) 7.1 2.2 420 32 41 29
aThickness of detector material needed to reduce the intensity of 1 MeV γ-rays
by 1/e.
bRatio of total photon absorption cross section for 1 MeV γ-rays and Maxwellian
averaged neutron capture cross section of the scintillator material at 30 keV.
cMaterial with two components in scintillation light.
Frisch-gridded version [153, 308] or with reduced background in the compensated mode
[154].
More recently, MicroMegas detectors [156, 157] were successfully used at CERN.
Advantages of this detector are its very low background, fast timing, spatial resolution,
and a sufficiently low noise level for application in (n, α) measurements. In fission
studies, parallel plate avalanche counters (PPAC) turned out to be extremely insensitive
to neutrons and γ-rays. This feature is crucial in the neutron energy range above
100 MeV, where other detectors are overwhelmed by the γ flash [309, 160]. Diamond
detectors became another option for in-beam detection of charged particles with good
time and energy resolution. Because they are only available in rather small sizes so far,
a composite diamond detector was recently used for an (n, α) cross-section measurement
by the n TOF collaboration at CERN [163].
In activation measurements the induced activities of the product nuclei are
measured off-line (Sec. 3.3), using techniques according to the half-life and the decay
mode of the reaction product. In most cases, HPGe detectors are applied, ideally with
segmented configurations, e.g. Clover type detectors. In this way, a high efficiency can
be combined with a reduced load per detector, an important aspect if the sample itself
is radioactive. The power of this approach has been demonstrated at the example of the
147Pm(n, γ) reaction [174]. This measurement could be performed on only 1014 atoms
by using the high efficiency of a two-Clover setup in close geometry and the coincidence
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option for detecting γ cascades in the decay of 148Pm.
Special examples are reactions, in which the product nuclei decay either without
γ emission or are long-lived isotopes so that the induced activities fall below the
detection limit. The latter cases can be studied via accelerator mass spectrometry,
still maintaining the excellent sensitivity of the activation technique as discussed in
Sec. 3.3. Examples from the first category, however, suffer from significantly reduced
sensitivity, because the required detection of the decay electrons implies the use of very
thin samples to avoid excessive absorption losses [310].
5.3. Advanced concepts
While existing techniques are sufficient to study most neutron reactions on stable
isotopes with the required accuracy, neutron capture data for radioactive nuclei, which
are of key importance in advance nucleosynthesis models (Sec. 2), are presenting
a number of experimental challenges. An inherent difficulty in measurements on
radioactive samples results from the radiation emitted by the sample itself, thus
imposing stringent limits on the sample size that can be handled in such experiments.
Other major problems are the production of sufficiently clean and isotopically pure
samples and the coordination of production and experiment in order to minimize the
ingrowth of the daughter nuclei.
An obvious solution for dealing with small samples is to increase the neutron flux
[274], either by increasing the neutron production rate or by decreasing the distance from
the neutron production target. As spallation sources are operating with a fixed primary
beam, a higher flux can be obtained by reducing the flight path, e.g. at the n TOF
facility, but at the expense of a correspondingly reduced resolution in neutron energy.
Actual developments of new low-energy accelerators, e.g. the FRANZ project, offer
the possibility for increasing the flux by both options, higher intensity of the primary
beam as well as a reduction in flight path. For example, if FRANZ would be operated
with a flight path of 10 cm instead of 1 m with a nominal time resolution of 1 ns, the
neutron-energy resolution is still comparable to the one at DANCE (Table 1) but the
neutron flux at the sample position would be about 109 cm−2s−1, orders of magnitude
higher than in any other TOF facility.
A completely different approach is to investigate neutron-induced reactions in
inverse kinematics [311]. This requires a beam of radioactive ions cycling in a storage
ring with 100 AkeV or less and a neutron target. Radioactive ions close to stability
can be produced with high intensities using ISOL-techniques and storage rings for low
beam energies, which require extremely high vacuum, are under construction, e.g. the
CRYRING at GSI/FAIR [312] or the CSR at MPK/Heidelberg [313]. The neutron
target could be either a reactor coupled with the storage ring to obtain an interaction
zone near the core [311] or a bottle of ultra-cold neutrons. The scheme of such a setup
is sketched in Fig. 12.
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Fig. 1. Schematic drawing of the proposed setup. The main components are a ion
storage ring with beam lines and focusing elements (light blue), dipoles (dark blue),
electron cooler (green), an intersected reactor core (red), particle detection capabil-
ity (orange) and Schottky pick-up electrodes (brown).
2 Scheme
The idea presented in this article is to measure neutron-induced reactions on
radioactive ions in inverse kinematics. This means, the radioactive ions will
pass a neutron target. It is obvius that the luminosity for a given target can be
enhanced, if the ions pass the target several times. The proposal is therefore
to let the ions circulate in a ring like the Experimental Storage Ring (ESR)
at GSI. The neutron target can be the core of a research reactor, where one
of the central fuel elements is replaced by the evacuated beam pipe of the
storage ring. The neutrons can easily penetrate the beam pipe creating a kind
of neutron gas, which the revolving ions have to pass. The neutron density in
the target is than only dependent on the power output of the reactor an and
the temperature of the reactor core.
2.1 Setup
A schematic drawing of the proposed setup is given in Fig. 1. The scheme is
quite flexible, but for practical reasons, the discussion here will be based on
the Experimental Storage Ring (ESR) at GSI. evacuated beam pipes, reactor
core has approx. 0.5 m diamter, ring several meters. scetch needed! experience
with detection of low-energy nuclear reactions products in storage rings (? )
3
Figure 12. Proposal for (n, γ) measurements on short-lived isotopes [311]. The
main components are an ion storage ring with beam lines and focusing elements (light
blue), dipole magnets (dark blue) and electron cooler (green). The ring is coupled to a
thermal reactor with an interaction region near the core core (red). Capture events are
identified by particle detectors outside the nominal orbit (orange) and/or by Schottky
pick-up electrodes (brown).
6. Status and requests
6.1. Compilations of stellar (n, γ) cross sections
In 1971, the first comprehensive collection of recommended MACS values for kBT = 30
keV by Allen et al. [11] listed 130 experimental cross sections with typical uncertainties
between 10 and 25%. To provide a full set of data for the early pioneering studies of
the s-process, the experimental results were complemented by 109 semi-empirical values
estimated from cross section trends derived from neighboring nuclei.
The next compilation published in 1987 [314] was prepared again for MACS values
at a single thermal energy of kBT = 30 keV, according to the needs of the classical
approach for a scenario of constant temperature and neutron density [13]. A major
achievement, however, was the significant improvement of the accuracy, which was
reaching the 1 - 2% level for a number of impor ant s-process isotopes.
When the classical approach had been challenged by refined stellar models with a
range of s-process conditions, from He shell burning in thermally pulsing low mass AGB
stars [315, 316] to shell C burning in massive stars [60, 61] and with (α, n) reactions
on 13C and 22Ne as the main neutron sources, the compilations had to be extended to
provide MACS data for thermal energies between 5 and 100 keV [317].
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The following MACS compilation of Bao et al. [132] was already comprising
a network of 364 (n, γ) reactions, including also relevant partial cross sections, and
provided detailed information on previous MACS results, which were eventually
condensed into recommended values for thermal energies from 5 to 100 keV. Where
experimental information was missing, calculations with the Hauser-Feshbach statistical
model code NON-SMOKER [275] were empirically corrected for known systematic
deficiencies in the nuclear input of the calculation. Stellar enhancement factors (SEF)
were included as well.
For easy access, this compilation was published in electronic form via the
KADoNiS project (http://www.kadonis.org) [318]. The present update (KADoNiS
v0.3 [79]), includes 38 improved and 14 new cross sections compared to [132], in total,
data for 356 isotopes, including 77 radioactive nuclei on or close to the s-process path.
This version counted experimental data for 13 of these radioactive nuclei, i.e. for 14C,
60Fe, 93Zr, 99Tc, 107Pd, 129I, 135Cs, 147Pm, 151Sm, 154Eu, 163Ho, 182Hf, and 185W, while
empirically corrected Hauser-Feshbach rates with typical uncertainties of 25 to 30% were
quoted otherwise. Presently, a new update is in preparation and should be available in
2014.
The present version of KADoNiS consists of two parts: the s-process library and
a collection of available experimental p-process reactions. The s-process library will be
complemented in the near future by (n, p) and (n, α) cross sections measured at kBT =
30 keV, as it was already included in [314]. The p-process database will be a collection of
all available charged-particle reactions measured within or close to the Gamow window
of the p process (T9= 2-3 GK).
6.2. Further requirements
The recommended uncertainties of the (n, γ) cross sections for s-process nucleosynthesis
calculations is summarized in Figure 13 as a function of mass number (top) together
with the improvements of the last decade represented by the ratio of the uncertainties
(bottom). Though the necessary accuracy for stable isotopes of 1 to 5% has been locally
achieved, further improvements are clearly required, predominantly below A = 120 and
in the mass region above 180. It is worthewhile noting that some uncertainties actually
increased. Those are cases, where theoretical estimates revealed larger uncertainties
than before. No experimental data are available for those isotopes.
Further efforts in this field are the more important as Figure 13 reflects only the
situation for a thermal energy of 30 keV. In most cases, however, the experimental data
had to be extrapolated to determine the MACS values at lower and higher temperatures.
Accordingly, this implies significantly larger uncertainties.
The lack of accurate data is particularly crucial for the weak s-process in massive
stars, which is responsible for most of the s abundances between Cu and Sr. Since the
neutron exposure of the weak s process is not sufficient for achieving flow equilibrium,
cross section uncertainties may affect the abundances of a sequence of heavier isotopes
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Figure 13. Top: MACS uncertainties versus mass number. Bottom: Current
recommended uncertainties relative to the uncertainties in 2000 (Ref. [132]).
(see Figure 6).
A further extension of KADoNiS is planned to include more radioactive isotopes,
which are relevant for s-process nucleosynthesis at higher neutron densities (up to 1011
cm−3) [319]. Because these isotopes are more than one atomic mass unit away from the
canonical s-process path on the neutron-rich side of the stability valley, their stellar (n, γ)
values have to be extrapolated from known cross sections by means of the statistical
Hauser-Feshbach model. According to the KADoNiS homepage already 73 additional
unstable isotopes have been identified. The desired accuracy for radioactive branch-
point isotopes is 10 to 20%.
From the above, it is obvious that experimental work should focus on two aspects,
(i) on a large set of stable isotopes, where data are incomplete or too uncertain, and
(ii) on the largely unexplored field of radioactive isotopes, be it the branch points in
the s path or the neutron-rich nuclei at the border of stability that are reached under
extreme s-process conditions at neutron densities of 1012 to 1015 cm−3.
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7. Summary
Neutron reactions are of pivotal importance for our understanding of how the heavy
element abundances are formed during the late stellar phases. Maxwellian averaged cross
sections are particularly important to constrain s-process models related to the H/He
shell burning in AGB stars and also for the He and C shell burning phases in massive
stars. The fact that the respective s-process abundance distributions can be deduced
in quantitative detail is crucial for defining the abundances produced by explosive
nucleosynthesis and for deriving a reliable picture of Galactic chemical evolution.
Continued improvements of laboratory neutron sources and of measurement
techniques were instrumental for establishing a comprehensive collection of neutron-
induced reaction rates in the astrophysically relevant energy range from a few up to
about 300 keV. Apart from very few exceptions, experimental data are available for all
stable isotopes between Fe and Pb, although not always with sufficient accuracy and in
the entire energy range of interest. Such deficits are particularly found for the very small
cross sections of the abundant light elements, which represent potential neutron poisons,
and for neutron magic nuclei, which are the bottle necks in the s-process reaction
flow. For the unstable species, which are needed under special s-process conditions
characterized by high neutron densities and for explosive nucleosynthesis, experimental
data are still very scarce and must so far be complemented by theory. The main role
of theory, however, refers to corrections concerning the stellar environment, i.e. with
respect to the effect of thermally populated excited states to the enhancement of weak
interaction rates in the stellar plasma.
The main challenges for the future will be related to the further improvement of the
laboratory neutron sources and to the development of advanced experimental methods.
Progress in these fields is mandatory for tackling the yet unsatisfactory situation with
neutron reactions of unstable isotopes. It appears that promising developments in
both areas are presently under way with the potential for innovative solutions. As
a consequence, future experiments can be performed with much higher sensitivities, i.e.
by using very small amounts of sample material. This is crucial for dealing with unstable
isotopes, because the sample activity can be reduced and the stringent problem of sample
preparation can be solved by using the intense radioactive beam facilities. Within the
next decade, these options will provide ample opportunities to extend neutron reaction
studies into the region of unstable isotopes.
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